Introduction {#s0005}
============

Metabolic syndrome (MetS) is a multiplex risk factors for cardiovascular disease and type 2 diabetes mellitus. The defining clinical criteria of MetS include central obesity, dyslipidaemia, hypertension, and glucose intolerance [@b0005]. People with MetS are twice as likely to develop cardiovascular disease and up to five times as likely to become diabetic than those without the condition [@b0010]. In addition, other comorbidities of MetS are also increasingly recognized, such as polycystic ovary syndrome [@b0015], cancer [@b0020], and cognitive degenerative disease [@b0025]. MetS is deemed to be a worldwide health threat not only because of its devastating complications, but also due to the widespread global prevalence. In most developed and developing countries, approximately 20% of the adult population have MetS [@b0030]. The statistic is undoubtedly an underestimation due to the exclusion of the rapidly-escalating paediatric and adolescent cases. Thus, studying the disease is crucial for us to propose potential solutions to this emerging epidemic.

One major challenge in MetS research is to create a clinically relevant disease model. In this context, metabolic dysfunction is commonly induced in rodents, particularly rats and mice, via different approaches, which include the use of genetic models like *ob*/*ob* and *db*/*db* mice as well as diet-induced models. The animal models of MetS are well-summarized by Panchal and Brown [@b0035] and Aydin et al. [@b0040]. Diet-induced models are usually preferred considering that over-nutrition is one of the key contributors to MetS. Nonetheless, the lack of standardised methodology for MetS induction results in a large variety of high-calorie diets being used, each with different preparation methods, formulations, and nutritional values. Some of the most popular diets are those high in saturated fat, fructose, sucrose or a combination of these macronutrients. This is because increased dietary lipid and fructose markedly upregulates *de novo* lipogenesis and promotes ectopic lipid deposition, which in turn, leads to peripheral insulin resistance, inflammatory response, chronic oxidative stress insult, and progressive organ damage [@b0045], [@b0050]. Nonetheless, due to the diverse dietary compositions and feeding approaches, making comparisons between different diets and studies is often difficult. The issue of diet choice is further complicated by other concerns: purified ingredient-based diet versus chow-based diet [@b0055], mismatched control diet [@b0060], and feeding duration.

Additionally, other factors such as the animal species, strain, gender, and age should also be taken into consideration. Most studies employ male, adult rodents with a varying starting age. The feeding duration ranges from two to 18 weeks [@b0040]. Given that the starting age could potentially influence the progression of MetS in both rodents [@b0065], [@b0070] and humans [@b0075], translating the experimental findings obtained from animal studies to mismatched age groups ought to be carried out cautiously. Furthermore, as mentioned earlier, the prevalence of metabolic syndrome among children and adolescents has drastically increased over recent years. Animal studies employing younger rats may be of interest since the experimental findings can potentially be applicable on paediatric population. Essentially, despite the extensive use of diet-induced models in MetS research, there are still a lot of unresolved issues and room for improvement to create better models.

Considering the vast diversity of determinants which may affect MetS progression, comparative animal studies are very useful for the optimisation of disease model creation. In the present study, we are particularly interested in the effects of age and dietary composition on the initiation of MetS. The other variables, such as the species, strain, and gender were kept constant by the use of male Sprague Dawley rats, which are one of the most commonly used animals in MetS research. The efficiency of two widely employed high-calorie diets (high-fat and high-fat-high-sucrose) in the induction of MetS in rats was examined. The differences in MetS progression that could be affected by the two developmental stages (post-weaning versus young adult) were also investigated. The findings will be discussed with reference to physical, biochemical, and transcriptional variables. The output of this study may help to put forward some key parameters for the establishment of a better MetS model.

Material and methods {#s0010}
====================

Animal ethics and housing conditions {#s0015}
------------------------------------

*The use and handling of animals in the research have been approved by Monash University Monash Animal Research Platform Animal Ethics Committees (AEC approval No.: MARP/2015/060) in compliance to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes outlined by National Health and Medical Research Council*. Thirty-nine male Sprague Dawley rats (Rattus norvergicus) including 18 post-weaning (3-week old) and 21 young adult (8-week old) were obtained from Monash University Malaysia Animal Facility. The rats were kept individually at 23 ± 1 °C with 12-h light/dark cycle. They were given ad libitum access to homemade purified ingredient-based diet and drinking water throughout the entire experiment.

Diet preparation, composition, and treatment {#s0020}
--------------------------------------------

Both post-weaning and adult rats were randomly assigned into three groups (n = 6 for post-weaning rats and n = 7 for adult rats per group), which were provided with control diet (CD), high-fat diet (HFD), and high-fat-high-sucrose diet (HFSD), respectively, for 8 weeks. The compositions of the diets, which were formulated based on AIN-93G diet [@b0080] are shown in [Table 1](#t0005){ref-type="table"}. All the ingredients, except for milk fat (Promac Enterprises Sdn. Bhd., Kuala Lumpur, Malaysia) and sucrose (MSM Malaysia Holdings Bhd., Kuala Lumpur, Malaysia), were purchased from MP Biomedical, Santa Ana, USA. The diets were prepared by mixing the ingredients thoroughly, followed by oven-baking for 10 min at 160 °C. For HFSD group, 30% (w/v) sucrose water was supplemented in addition to the HFD. The food and water were replenished every day. Body weight, food and water intake were measured daily.Table 1Macronutrient composition and ingredients of control, high-fat and high-fat-high-sucrose diets.MacronutrientControl dietHigh-fat dietHigh-fat-high-sucrose dietProtein (kcal%)202020Carbohydrate (kcal%)702020Lipid (kcal%)106060Saturated (%)36.657.957.9Monounsaturated (%)29.028.828.8Polyunsaturated (%)32.08.48.4Trans (%)1.83.63.6Energy content (kcal/g)3.95.35.3 + 1.2 kcal/mL from sucrose water  **IngredientMass (g)**Casein200200200[l]{.smallcaps}-cystine333Corn starch525.51818Maltodextrin125125125Sugar505050Cellulose505050Milk fat20245245Corn oil252525AIN-93G Mineral mix353535AIN-93-VX Vitamin mix101010Choline bitartrate222*t*-butylhydroquinone0.0140.0140.014Additional supplement----30% (w/v) sucrose water

Food was withdrawn while sucrose water of the HFSD group was replaced with tap water 12 h prior to humane sacrifice. The rats were euthanized by exsanguination via cardiac puncture under the influence of ketamine (75 mg/kg) and xylazine hydrochloride (10 mg/kg) administered intraperitoneally. Blood samples were collected in tubes with 0.5 M ethylenediaminetetraacetic acid (EDTA). Plasma was obtained by centrifugation of the blood samples at 4 °C, 2000×*g* for 20 min. The supernatant (plasma) was snap frozen in liquid nitrogen and stored at −80 °C until further use. About 1 cm × 1 cm of the liver tissues were excised and stored in 10% neutral buffered formalin for fixation and histology. Retroperitoneal white adipose tissue (rWAT) and liver were harvested promptly, snap frozen in liquid nitrogen and stored at −80 °C.

Blood pressure measurement {#s0025}
--------------------------

Systolic and diastolic blood pressure was measured with Mouse and Rat Tail Cuff Blood Pressure System (IITC Life Sciences, Los Angeles, USA). The rats were placed into a plastic restrainer one at a time to restrict their movement throughout the measurement. A tail-cuff with a pulse transducer was applied onto the tail of the restrained rats. The rat was then placed into a well-ventilated chamber equilibrated at 32 °C for 15--20 min to facilitate the dilatation of caudal arteries. Next, the triplicate readings of the systolic and diastolic blood pressure were recorded. The procedure was performed before the experiment (Week 0) and every two weeks (Week 2, 4, 6, and 8).

Biochemical assays {#s0030}
------------------

The glycaemic parameters and lipid profile at the end of the eight-week treatment were measured. Fasting plasma glucose was determined using Trinder's glucose oxidase test while fasting plasma insulin was determined using Mercodia Ultrasensitive Rat Insulin ELISA (Mercodia, Uppsala, Sweden). Based on the fasting plasma glucose and insulin levels, homeostasis model assessment of the insulin resistance (HOMA-IR), β-cell function (HOMA %β), and insulin sensitivity (HOMA %S) were evaluated using HOMA calculator [@b0085]. Glycated haemoglobin A1c (HbA1c) and advanced glycation end product (AGE) levels were determined with Rat Haemoglobin A1c (HbA1c) kit (Crystal Chem, Downers Grove, USA) and OxiSelect™ Advanced Glycation End Product (AGE) Competitive ELISA kit (Cell Biolabs, San Diego, USA), respectively. Circulating triglyceride, total cholesterol (TC), and free fatty acid (FFA) levels were measured using Randox TR1607 Triglycerides, CH200 Cholesterol and FA115 Non-esterified Fatty Acids kits (Randox, Dublin, UK). Chylomicron, low density lipoprotein (LDL) and very low density lipoprotein (VLDL) were precipitated from the plasma specimens using Randox CH203 HDL-cholesterol Precipitant kit (Randox, Dublin, UK) and the remaining fraction was subjected to CH200 Cholesterol kit for the determination of high density lipoprotein (HDL)-cholesterol. Non HDL-cholesterol was calculated by subtracting HDL-cholesterol from TC. All assays with commercial kits were performed in duplicate according to the manufacturers' instructions.

RNA extraction and cDNA synthesis {#s0035}
---------------------------------

Total RNA extraction of the liver was conducted using Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany), whereas that of rWAT was isolated with Tri-RNA reagent (Favorgen, Ping-Tung, Taiwan) and Qiagen RNeasy Mini Kit. The concentration and purity of the RNA were determined by measuring the absorbance at 260 nm and 280 nm with Infinite® 200 PRO (TECAN, Zürich, Switzerland). RNA integrity was examined with agarose gel electrophoresis to check 18S and 28S ribosomal RNA. RNase-free DNase I (ThermoFisher Scientific, Waltham, USA) treatment was performed prior to cDNA synthesis, which was carried out with Qiagen Omniscript Reverse Transcription Kit (Qiagen, Hilden, Germany).

Quantitative PCR (qPCR) {#s0040}
-----------------------

Rotor-Gene Q (Qiagen, Hilden, Germany) was used to carry out qPCR of peroxisome proliferator-activated receptors (PPAR) α and γ, lipoprotein lipase (LPL), and receptor for advanced glycation end product (RAGE) of the liver and adipose tissue. Hypoxanthine phosphoribosyltransferase 1 (HPRT1) and β-actin, which have been demonstrated to express stably in the target tissues, were selected as the reference genes for normalisation of the target genes [@b0090]. JumpStart™ Taq ReadyMix (Sigma-Aldrich, St. Louis, USA) was used for the qPCR reactions. All primers and hydrolysis probes were synthesised by First BASE Laboratories, Malaysia. The nucleotide sequences of the primers and hydrolysis probes are outlined in [Table 2](#t0010){ref-type="table"}. Normalised Ct or ΔCt values of the genes of interest were calculated using the following formula:$$\Delta\text{Ct} = \text{average\ of}\mspace{6mu}(\text{Ct}_{\mathit{reference}\mspace{6mu}\mathit{genes}} - \text{Ct}_{\mathit{gene}\mspace{6mu}\mathit{of}\mspace{6mu}\mathit{interest}})$$Table 2Nucleotide sequences of the primers and hydrolysis probes.Target geneNucleotide sequence (5′ → 3′)Forward primerReverse primerHydrolysis probeβ-actin[a](#tblfn1){ref-type="table-fn"}GTA TGG GTC AGA AGG ACT CCGTT CAA TGG GGT ACT TCA GG\[TET\] CCT CTC TTG CTC TGG GC \[BHQ1\]HPRT1[a](#tblfn1){ref-type="table-fn"}CTG GAA AGA ACG TCT TGA TTGGTA TCC AAC ACT TCG AGA GG\[6FAM\] AGC CCC AAA /\[ZEN\]/ATG GTT AAG GTT GCA AG \[Iowa Black® FQ\]RAGECCC TGA CCT GTG CCA TCT CTGGG TGT GCC ATC TTT TAT CCA\[6FAM\] CCC AGC CTC CCC CTC AAA TCC A \[BHQ1\]PPARαTGT GGA GAT CGG CCT GGC CTTCCG GAT GGT TGC TCT GCA GGT\[6FAM\] TGC AGG AGG GGA TTG TGC ACG TGC TCA \[BHQ1\]PPARγCCC TGG CAA AGC ATT TGT ATGGT GAT TTG TCT GTT GTC TTT C\[6FAM\] TCC TTC CCG CTG ACC A \[BHQ1\]LPLCAG CAA GGC ATA CAG GTGCGA GTC TTC AGG TAC ATC TTA C\[6FAM\] TTC TCT TGG CTC TGA CC \[BHQ1\][^1][^2]

Tissue processing and histology {#s0045}
-------------------------------

The well-fixed liver specimens were subjected to conventional tissue processing and embedded in paraffin wax. Thin sections (5 μm) were produced and stained with haematoxylin and eosin (H&E) to visualise the morphology. Three microscopic images at 200× magnification for each rat were captured with Nikon Eclipse TS100 (Nikon, Tokyo, Japan) and analysed with ImageJ to calculate the area of steatosis in the liver [@b0095].

Statistical analysis {#s0050}
--------------------

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) 22.0. Dependent variables with repeated measures like cumulative weight gain and blood pressure were analysed using mixed model ANOVA using "time" as the within-subjects factor while "age" and "types of diets" as the between-subjects factors. Intergroup comparisons of other variables, including calorie intake, rWAT mass, glycaemic indices, lipid profile, and ΔCt values were analysed with two-way ANOVA with "age" and "types of diets" as the between-subjects factors. Pairwise comparisons were performed with Bonferroni correction. The level of statistical significance was pre-determined at *P* ≤ 0.05.

Results {#s0055}
=======

Differential obesity-inducing effects of HFD and HFSD on the post-weaning and adult rats {#s0060}
----------------------------------------------------------------------------------------

The initial weight of the rats within the same age groups, namely the post-weaning rats (64.5 ± 2.0 g, 63.0 ± 1.7 g, and 64.0 ± 1.9 g for CD, HFD, and HFSD) and the adult rats (222.2 ± 3.9 g, 219.4 ± 5.6 g, and 217.7 ± 3.2 g for CD, HFD, and HFSD), were not significantly different from each other. However, the post-weaning and adult rats gained weight at varying rates when exposed to different types of high-calorie diets. Based on [Fig.1](#f0005){ref-type="fig"}A and B, the post-weaning and adult rats fed on HFD and HFSD, respectively, were more prone to accelerated weight gain. For the post-weaning rats on HFD, weight gain increased by about 25% over a course of eight weeks compared to those on CD and HFSD. Similar trend was also observed in the adult rats on HFSD compared to those on CD and HFD. Furthermore, the post-weaning rats also gained weight much faster than the adult rats (*P* \< 0.001) which could be partly attributed to growth.Fig. 1Cumulative weight gain of the post-weaning (A) and adult rats (B) as well as the retroperitoneal white adipose tissue mass (C) and daily calorie intake (D) of the rats on different diets for eight weeks. Error bars indicate SEM. The sample size was n = 6--7 per group. \* indicates *P* \< 0.05 between groups. CD, control diet; HFD, high-fat diet; HFSD, high-fat-high-sucrose diet; rWAT, retroperitoneal white adipose tissue.

Increased weight gain is associated with increased rWAT mass as illustrated in [Fig.1](#f0005){ref-type="fig"}C. To elucidate, the rWAT fat depot was increased by more than 50% in the post-weaning rats on HFD compared to the control group. Similar trend was observed in the adult rats on HFSD. Thus, it is justified to say that these rats developed central obesity after feeding on the corresponding high-calorie diets for eight weeks. The rWAT mass (±SEM) of the post-weaning rats (11.91 ± 0.76 g) was significantly higher than that of the adult rats (9.49 ± 0.68 g) (*P* = 0.024), suggesting that younger rats may be more susceptible to obesity induction. Nevertheless, calorie intake per day was similar across all groups ([Fig.1](#f0005){ref-type="fig"}D), indicating that the increased weight gain and rWAT mass were independent of calorie consumption. It is also worth mentioning that for the HFSD group, both the post-weaning and adult rats obtained more than two fifths of their daily calorie intake from the sucrose water. Carbohydrate preference over lipid was noted in adult rats as suggested by significant increase in the consumption of sucrose water (*P* \< 0.001) ([Table 3](#t0015){ref-type="table"}).Table 3Effects of HFD and HFSD on the consumption of food and water and glycaemic parameters of post-weaning and adult rats after eight-week long treatment.ParameterPost-weaning ratAdult ratPost-weaning rat vs. Adult ratCDHFDHFSDCDHFDHFSDFood intake (g/day)18.11 ± 0.9014.36 ± 0.37[\*\*](#tblfn3){ref-type="table-fn"}8.06 ± 0.77[\*\*\*](#tblfn4){ref-type="table-fn"}^,^[†††](#tblfn6){ref-type="table-fn"}18.82 ± 0.8912.31 ± 0.59[\*\*\*](#tblfn4){ref-type="table-fn"}7.65 ± 0.52[\*\*\*](#tblfn4){ref-type="table-fn"}^,^[†††](#tblfn6){ref-type="table-fn"}*NS* (*P* = 0.330)Water intake (mL/day)21.59 ± 0.4421.38 ± 0.7323.71 ± 1.1920.19 ± 0.9019.70 ± 0.7828.96 ± 1.17[\*\*\*](#tblfn4){ref-type="table-fn"}^,^[†††](#tblfn6){ref-type="table-fn"}*NS* (*P* = 0.552)FPG (mmol/L)5.52 ± 0.126.53 ± 0.15[\*\*](#tblfn3){ref-type="table-fn"}5.84 ± 0.21[†](#tblfn5){ref-type="table-fn"}5.02 ± 0.185.12 ± 0.175.54 ± 0.20Post-weaning \> Adult (*P* \< 0.001)HbA1c (%)3.81 ± 0.425.95 ± 0.51[\*\*](#tblfn3){ref-type="table-fn"}5.72 ± 0.63[\*](#tblfn2){ref-type="table-fn"}5.01 ± 0.315.73 ± 0.505.75 ± 0.32*NS* (*P* = .378)AGE (µg/mL)61.23 ± 15.4579.85 ± 5.6243.48 ± 7.41[†](#tblfn5){ref-type="table-fn"}104.56 ± 23.66114.46 ± 17.8161.85 ± 7.80[†](#tblfn5){ref-type="table-fn"}Post-weaning \< Adult (*P* = 0.011)FPI (mU/L)10.96 ± 1.955.69 ± 0.707.94 ± 1.066.51 ± 1.3710.47 ± 3.468.91 ± 3.28*NS* (*P* = 0.543)HOMA-IR1.26 ± 0.210.72 ± 0.100.82 ± 0.080.63 ± 0.160.87 ± 0.230.67 ± 0.19*NS* (*P* = 0.158)HOMA%β (%)108.0 ± 12.940.8 ± 2.9[\*\*](#tblfn3){ref-type="table-fn"}63.8 ± 3.981.4 ± 17.580.0 ± 21.747.9 ± 8.0*NS* (*P* = 0.917)HOMA%S (%)92.9 ± 19.9132.4 ± 13.4116.5 ± 13.2129.0 ± 20.089.8 ± 14.2119.3 ± 32.8*NS* (*P* = 0.943)[^3][^4][^5][^6][^7][^8][^9]

High calorie diets induced systolic and diastolic hypertension {#s0065}
--------------------------------------------------------------

Like the initial body weight, the starting systolic and diastolic blood pressure levels of the rats within the same age groups were comparable. Both the HFD and HFSD triggered systolic and diastolic hypertension ([Fig.2](#f0010){ref-type="fig"}A, C) in the post-weaning rats. At the end of the experiment, the systolic blood pressure levels were 146 ± 6 mmHg and 149 ± 7 mmHg in the HFD- and HFSD-treated post-weaning rats compared to 119 ± 2 mmHg in those on CD. Conversely, the diastolic blood pressure levels increased from 97 ± 2 mmHg in the CD group to 119 ± 6 mmHg and 124 ± 7 mmHg in the HFD and HFSD groups, respectively. The escalated blood pressure took place from week 4 onwards.Fig. 2Systolic and diastolic blood pressure of the post-weaning (A and C) and adult (B and D) rats on different diets over eight weeks. Error bars indicate SEM. The sample size was n = 6--7 per group. \* indicates *P* \< 0.05, \*\* indicates *P* \< 0.01 and \*\*\* indicates *P* \< 0.001 between groups.

In contrast, the hypertensive effect of the high calorie diets was less prominent among the adult rats. Such an effect was observed only in the systolic blood pressure of those on HFSD whereby the blood pressure was elevated from 115 ± 3 mmHg in the CD group to 136 ± 4 mmHg in the HFSD group at the end of the experiment ([Fig.2](#f0010){ref-type="fig"}B). The onset of the systolic hypertension occurred in week 6 which was slower compared to the post-weaning rats. In addition, no difference in the diastolic blood pressure of adult rats was detected ([Fig.2](#f0010){ref-type="fig"}D). The results show that younger rats are more vulnerable to high-calorie diet-induced hypertension.

High-fat diet caused hyperglycaemia, dyslipidaemia and hepatic steatosis in the post-weaning rats {#s0070}
-------------------------------------------------------------------------------------------------

Based on [Table 3](#t0015){ref-type="table"}, the food consumed per day was significantly lower in HFD- and HFSD-treated groups (*P* \< 0.001). This was to compensate for the increased calorie content of the diets. The post-weaning rats given HFD became hyperglycaemic at the end of the experiment as demonstrated by the elevated fasting plasma glucose level compared to CD- and HFSD-treated rats. This is further supported by a significant increase in HbA1c % which is suggestive of chronic hyperglycaemia. The contributing factor could be an impairment in β-cell function as indicated by a 62% reduction in HOMA %β compared to the CD-treated rats. However, prolonged hyperglycaemia did not lead to increased circulating AGE level in the post-weaning rats on HFD. More surprisingly, compared to CD, HFSD significantly reduced plasma AGEs by 29% in the post-weaning rats.

On the other hand, the carbohydrate metabolism of the adult rats was mildly affected by the high calorie feeding because no difference was found between groups in terms of the glycaemic indices. Similar AGE-lowering effect of HFSD was also observed in the adult rats. Between different age groups, the post-weaning rats had significantly higher fasting plasma glucose level of 5.96 ± 0.11 mmol/L in comparison to 5.23 ± 0.10 mmol/L in the adult rats, suggesting that older rats are more resistant to metabolic derangement. However, the older rats had higher circulating AGEs (93.62 ± 8.16 μg/mL) compared to the young rats (61.52 ± 8.58 μg/mL) (*P* *=* 0.011), denoting a positive correlation between age and AGE accumulation.

The lipid profile is outlined in [Table 4](#t0020){ref-type="table"}. Basically, post-weaning rats on HFD also developed hypertriglyceridaemia and elevated non-HDL cholesterol level at the end of experiment. Such adverse effects were not observed in adult rats on the high-calorie diets, implying that HFD is more effective in disrupting glucose and lipid homeostasis in the young rats. The dyslipidaemic condition of the post-weaning rats on HFD and HFSD is further augmented by the increased hepatic lipid deposition shown in [Fig. 3](#f0015){ref-type="fig"}. Even though the extent of fatty liver in adult rats on HFSD also increased by almost 100%, the difference did not reach statistical significance (*P* = 0.085) when compared to CD.Fig. 3Representative H&E-stained liver sections (x200 magnification) of the post-weaning and adult rats given different diets for eight weeks. The black arrows indicate the lipid deposition sites in the liver tissues. The sample size was n = 6--7 per group.Table 4Effects of HFD and HFSD on the lipid profile and hepatic lipid deposition of post-weaning and adult rats after eight-week long treatment.ParameterPost-weaning ratAdult ratPost-weaning rat vs. Adult ratCDHFDHFSDCDHFDHFSDTriglycerides (mmol/L)1.08 ± 0.071.88 ± 0.29[\*](#tblfn7){ref-type="table-fn"}1.15 ± 0.111.30 ± 0.190.95 ± 0.161.59 ± 0.17*NS* (*P* = 0.559)Total cholesterol (mmol/L)1.80 ± 0.222.16 ± 0.201.59 ± 0.102.11 ± 0.211.79 ± 0.221.32 ± 0.07[\*](#tblfn7){ref-type="table-fn"}*NS* (*P* = 0.493)HDL-cholesterol (mmol/L)1.54 ± 0.181.17 ± 0.080.94 ± 0.09[\*](#tblfn7){ref-type="table-fn"}1.23 ± 0.211.12 ± 0.140.51 ± 0.07[\*\*](#tblfn8){ref-type="table-fn"}^,^[††](#tblfn10){ref-type="table-fn"}Post-weaning \> Adult *(P* *=* 0.025)Non-HDL-cholesterol (mmol/L)0.55 ± 0.101.12 ± 0.32[\*](#tblfn7){ref-type="table-fn"}0.71 ± 0.070.76 ± 0.050.58 ± 0.070.94 ± 0.09*NS* (*P* = 0.807)NEFA (mmol/L)0.57 ± 0.050.38 ± 0.040.46 ± 0.070.66 ± 0.120.45 ± 0.070.42 ± 0.03[\*](#tblfn7){ref-type="table-fn"}*NS* (*P* = 0.505)Hepatic lipid deposition (%)1.95 ± 0.334.26 ± 0.33[\*\*\*](#tblfn9){ref-type="table-fn"}4.14 ± 0.64[\*\*](#tblfn8){ref-type="table-fn"}1.29 ± 0.171.80 ± 0.172.53 ± 0.33Post-weaning \> Adult *(P* *=* 0.000)[^10][^11][^12][^13][^14][^15]

Unexpectedly, inter-diet group comparison shows that HFSD significantly reduced circulating TC compared to the CD- (*P* = 0.043) and HFD-treated rats (*P* = 0.032). Similarly, when the rats were fed with HFSD, HDL-cholesterol was also reduced in comparison to the CD- (*P* \< 0.001) and HFD-treated rats (*P* = 0.016). Moreover, both high-calorie diets significantly lowered FFA level (±SEM) to 0.41 ± 0.05 mmol/L and 0.44 ± 0.05 mmol/L in HFD- (*P* = 0.026) and HFSD-treated rats (*P* = 0.047), respectively, compared to 0.61 ± 0.05 mmol/L in the control group.

Overexpression of rWAT RAGE and hepatic PPARs in the post-weaning rats {#s0075}
----------------------------------------------------------------------

No difference in RAGE expression in the liver and rWAT was found ([Fig.4](#f0020){ref-type="fig"}A, B). Nonetheless, rWAT RAGE expression of the post-weaning rats was upregulated twofold compared to the adult rats (*P* = .005). On the other hand, the post-weaning rats given HFD and HFSD significantly overexpressed PPARγ by more than fivefold in the rWAT compared to those on CD ([Fig.5](#f0025){ref-type="fig"}A), but LPL expression remained unchanged ([Fig.5](#f0025){ref-type="fig"}C). In the liver, PPARγ expression of the HFD-treated post-weaning rats also upregulated by 220% and 333% compared to the CD- and HFSD-treated rats. Additionally, hepatic lipid metabolism of the post-weaning rats was much more active than that of the adult rats because the PPARα and γ expression was increased by more than 14- and 17-fold, respectively in the young rats ([Fig.5](#f0025){ref-type="fig"}B, D).Fig. 4Normalized Ct values (ΔCt) of RAGE expression in the liver (A) and rWAT (B) of the post-weaning and adult rats on different diets at the end of eight-week treatment. HPRT1 and β-actin were used as reference genes. Error bars indicate SEM. The sample size was 6--7 per group. RAGE, receptor for advanced glycation end products; rWAT, retroperitoneal white adipose tissue.Fig. 5Normalized Ct values (ΔCt) of PPARγ in the rWAT (A) and liver (B), LPL in the rWAT (C) and PPARα in the liver (D) of post-weaning and adult rats on different diets at the end of eight-week treatment. HPRT1 and β-actin were used as reference genes. Error bars indicate SEM. The sample size was 6--7 per group. \* indicates *P* \< 0.05, \*\* indicates *P* \< 0.01 between groups. LPL, lipoprotein lipase; PPARα, peroxisome proliferator-activated receptor α; PPARγ, peroxisome proliferator-activated receptor γ; rWAT, retroperitoneal white adipose tissue.

Discussion {#s0080}
==========

Diets enriched with lipids and/or carbohydrates have been widely used to induce MetS in rodents with varying degrees of success at inducing the key symptoms, namely central obesity, hypertension, hyperglycaemia and dyslipidaemia [@b0035], [@b0040]. In this study, we demonstrate that the interplay between the developmental stage of the rats and the types of diet plays a crucial role in disease induction. Three-week old post-weaning rats given HFD for eight weeks developed all the phenotypes of MetS whereas adult rats on HFSD merely became obese and hypertensive, making the former a more time-saving and cost-effective MetS model.

Although diet-induced obese model using post-weaning rats has been developed [@b0100], comparative study between post-weaning rats and the commonly used young adult rats is rather limited. This study shows that post-weaning rats gained weight more rapidly to become centrally obese. This is accompanied by elevated systolic and diastolic blood pressure. In fact, increased susceptibility to hypertension upon HFD-feeding in younger rats has also been described previously [@b0105]. Although the adult rats given HFSD diet also developed these features, the effects were relatively less severe (slower weight gain, lower rWAT mass and delayed systolic hypertension onset). Furthermore, the post-weaning rats also developed impaired fasting glucose which could be caused by impaired β-cell function as indicated by low HOMA β%. In contrast, Pagliassotti and coworkers reported that older rats have reduced glucose disposal rate in the skeletal muscle and adipose tissues, thus, they are more susceptible to glucose intolerance due to insulin resistance [@b0110]. This suggests that the development stage may affect the pathophysiology of glucose dysregulation. Even though insulin resistance is a major pathophysiology of glucose metabolic dysregulation in MetS, reduced β-cell function has also been identified as an important contributing factor, particularly in obese children and adolescents [@b0115], [@b0120]. As such, our model could potentially be used to mimic childhood and adolescent MetS.

The overexpression of hepatic PPARα and γ, which is consistently found in obese murine models [@b0125], was detected in the young rats. To elucidate, PPARα is primarily responsible for transcriptional regulation of the genes for fatty acid uptake and oxidation in the liver [@b0130] whereas hepatic PPARγ is usually expressed at low levels but is markedly upregulated when there is an increased lipid flux into the liver [@b0135]. This leads to an increased lipid accumulation in the liver which is also known as hepatic steatosis as observed in the post-weaning rats on HFD and HFSD in the present study. Increased liver steatosis could serve to modulate the triglyceride level and prevent ectopic fat deposition at other tissues [@b0140] which may explain why the post-weaning rats on HFSD were able to maintain a normal lipid profile despite the severe hepatic steatosis. Normal hepatic PPARγ expression among the adult rats also suggests a state of lipid homeostasis, but the same cannot be said for the HFD-treated post-weaning rats.

In this study, post-weaning rats were selected to compare to adult rats because the young rats could be used to mimic childhood condition. Furthermore, the eight-week treatment covered Day 21 to Day 77 of their postnatal life which corresponds to the childhood, adolescence and early adulthood in human beings [@b0145] and so, the onset of metabolic dysfunction in the post-weaning rats could potentially be used to model paediatric MetS. Additionally, considering their rapid growth and high basal metabolic rate, it is speculated that younger rats may be more sensitive to nutritional cues of the high-calorie diets. Indeed, we observed an immerse difference in term of the effectiveness of MetS induction between different developmental stages which strongly suggests an inherent metabolic regulatory difference. This may be linked to programmed MetS. Principally, the concept of programmed MetS suggests that nutritional insults (*eg.* starvation and over-nutrition) during gestation [@b0150] or immediate postnatal [@b0155] may induce epigenetic modifications of key metabolic regulatory genes that substantially enhance the risk of metabolic diseases. Certain studies have demonstrated that the window for metabolic programming could extend into early childhood [@b0160], [@b0165]. In this context, PPARs is known to be a key player in metabolic programming because a vast array of PPAR target genes, including *Hdac* and *Sirt7* which are both epigenetic regulators, are well-implicated in programmed metabolic syndrome [@b0170]. This is in line with the expression assays of the present study which show the significant upregulation of PPARs in the liver of post-weaning rats but not the adult rats. Hence, programmed MetS could lend support to explain the susceptibility of post-weaning rats on HFD to the disorder, but further investigation on the epigenetic modification is warranted to explore the possible mechanism.

Apart from that, an age-dependent increase in the circulating AGE level was observed in spite of the elevated glucose level among the post-weaning rats, indicating a predominant role of ageing to AGE aggregation [@b0175]. However, RAGE expression in the rWAT was discordant with AGE level. Such an upregulation of RAGE in the rWAT of post-weaning rats could be driven by other non-glycated peptide ligands. Studies have demonstrated the integral role of adipocyte RAGE in regulation of adiposity and atherosclerotic risk [@b0180], [@b0185]. Therefore, enhanced adipocyte RAGE expression of the post-weaning rats could add another piece to the puzzle of their predisposition to MetS.

The daily calorie intake of the rats was relatively constant regardless of the age groups and the types of diet provided. This finding is consistent with previous study [@b0190] and suggests that the observed metabolic perturbations are dependent on the components of the high-calorie diets, namely sucrose and lipids. The rats also showed a striking preference for carbohydrates over the lipids, as evidenced by the heavy reliance on the sucrose water in the HFSD group. As a result, the consumption of other macro- and micronutrients, most notably proteins, was substantially diluted (20% kcal in CD and HFD vs. 12% kcal in HFSD). The reduced protein intake may account for the lowering effect of cholesterol, FFA and AGE in the HFSD group simply because these parameters are dependent on the amount of transport proteins in the circulation.

Surprisingly, FFA level was lowered in both post-weaning and adult rats on high-calorie diets. This is consistent with a recent study which showed that FFA was significantly lowered in obese insulin resistant rodents [@b0195]. This finding challenges the notion about the devastating insulin-desensitizing effect of FFA in obesity and MetS. In fact, Karpe et al. reviewed a number of clinical data and concluded that the causal relationship of increased systemic FFA and insulin resistance may not always be true [@b0200]. Considering the emerging counter evidence, it may be wise to re-examined the role of circulating FFA in the pathogenesis of various metabolic disorders.

In the present study, even though the HFSD-treated rats consumed similar amount of calories, the protein intake was much less because of their dependence on sucrose-enriched water. This might lead to unintended metabolic changes due to protein malnutrition. Future studies should make sure the protein intake is comparable to the control group. Although the post-weaning rats seemed to be more vulnerable to MetS upon high-fat feeding, the impact of developmental stage cannot the fully elaborated without the rats of different ages namely, young, adult, middle- and old-aged. Further studies should also focus on the oxidative stress level, proinflammatory response, cytokine profile, sex and stress hormones so as to explore the possible mechanisms of the observed vulnerability.

Conclusions {#s0085}
===========

To conclude, compared to the young adult rats which are commonly used in MetS study, the post-weaning rats were more vulnerable to metabolic dysfunctions. Notably, the post-weaning rats on HFD for eight weeks exhibited all key manifestations of MetS, including central obesity, systolic and diastolic hypertension, impaired fasting glucose, hypertriglyceridaemia, and elevated non-HDL cholesterol level. The expression of RAGE and PPARs were upregulated in the post-weaning rats compared to the adult rats, more so for those on HFD, leading to the postulation that nutritional insults during early childhood may have detrimental long-lasting effects on metabolism. Male, post-weaning rats on HFD will be a useful MetS model. However, the selective use of male post-weaning rats in this study limits the generalisation of the results to female rats. Thus, further studies should attempt to clarify the susceptibility of female post-weaning rats to MetS besides examining the pathophysiology of the model to explore the potential linkages with childhood obesity and MetS.
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[^1]: HPRT1, hypoxanthine phosphoribosyltransferase 1; LPL, lipoprotein lipase; PPAR, peroxisome proliferator-activated receptor; RAGE, receptor for advanced glycation end product.

[^2]: Denotes reference genes.

[^3]: Values are expressed as mean ± SEM. The sample size was n = 6--7 per group.

[^4]: AGE, advanced glycation end products; CD, control diet; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HbA1c, glycated haemoglobin A1c; HFD, high-fat diet; HFSD, high-fat-high-sucrose diet; HOMA %β, homeostasis model assessment of β-cell function; HOMA%S, homeostasis model assessment of insulin sensitivity; HOMA-IR, homeostasis model assessment of insulin resistance; *NS*, non-significant.

[^5]: *P* \< 0.05 compared to CD.

[^6]: *P* \< 0.01 compared to CD.

[^7]: *P* \< 0.001 compared to CD.

[^8]: *P* \< 0.05 compared to HFD.

[^9]: *P* \< 0.001 compared to HFD.

[^10]: Values are expressed as mean ± SEM. The sample size was n = 6--7 per group.

[^11]: CD, control diet; HFD, high-fat diet; HFSD, high-fat-high-sucrose diet; NEFA, non-esterified fatty acids; *NS*, non-significant.

[^12]: *P* \< 0.05 compared to CD.

[^13]: *P* \< 0.01 compared to CD.

[^14]: *P* \< 0.001 compared to CD.

[^15]: *P* \< 0.01 compared to HFD.
